Energy storage by cyclic electron flow through photosystem I (PSI) was measured in vivo using the photoacoustic technique. A wide variety of photosynthetic organisms were considered and all showed measurable energy storage by PSI-cyclic electron flow except for higher plants using the C-3 carbon fixation pathway. The capacity for energy storage by PSI-cyclic electron flow alone was found to be small in comparison to that of linear and cyclic electron flows combined but may be significant, nonetheless, under conditions when photosystem 11 is damaged, particularly in cyanobacteria. Light-induced dynamics of energy storage by PSI-cyclic electron flow were evident, demonstrating regulation under changing environmental conditions.
The oxygen-evolving photosynthetic apparatus contains two reaction center complexes, designated PSI and PSII, which convert light to electrochemical potential and function in series to drive a linear flow of electrons from H20 to NADP+, producing 02 as a by-product. This linear electron flow also produces a proton gradient across the photosynthetic thylakoid membrane that is utilized to phosphorylate ADP.
In addition to linear electron flow, other patterns ofelectron flow occur in oxygen-evolving photosynthesis that have various functions. The most significant nonlinear pattern of electron flow, in terms of converting light to useful electrochemical potential, is the cyclic flow of electrons through PSI that also contributes to the trans-thylakoid proton gradient and, thereby, to the synthesis of ATP. In the photosynthetic bacteria that do not evolve oxygen, some form of cyclic electron flow through a PSI analog is the primary means by which light is utilized.
In oxygen-evolving phototrophs, the physiological significance of cyclic electron flow through PSI is uncertain. A clearly defined role for cyclic electron flow through PSI has been established in higher plants having the C4 carbon fixation pathway (21) , but no such clear role has been determined in plants having the more common C3 carbon fixation pathway. Myers (20) studied the steady-state poise of P700 and the rate of photoreaction I in three cyanobacteria and reached the 'monstrous' conclusion that cyclic electron flow is not a significant process in these organisms. Traditionally, cyclic ' electron flow through PSI in C3 plants has been proposed to generate ATP over and above that produced by linear electron flow, adjusting the ratio of ATP to NADPH generated by the light reactions of photosynthesis in accordance with the needs of the plant (1) . As an example, cyclic electron flow through PSI has been proposed as a source of ATP for repair of PSII units damaged by environmental stress, since PSI is typically much less susceptible to stress than PSII (8, 9) . Much of the ambiguity concerning the function and significance of cyclic electron flow through PSI is due to the difficulty of measuring it in whole cells and tissues. Most previous studies ofPSI-cyclic electron flow and accompanying phosphorylation have necessarily used either in vitro measurements of thylakoid fragments or somewhat ambiguous light-induced absorbance changes in whole cells or tissues (12, 17) . The photoacoustic method for measurement of photosynthetic energy storage is well suited for study of PSI-cyclic electron flow, however, because it is capable of simple, direct, and quantitative measurement of energy storage by cyclic electron flow in intact leaves and algae as well as in thylakoid preparations (9, 10, 16, 18) . Presumably, the bulk of such energy storage by PSI-cyclic electron flow represents photophosphorylation of ADP.
In the present report, the occurrence, capacity, and regulation of energy storage by PSI-cyclic electron flow in whole tissues of a variety of photosynthetic organisms are characterized using the photoacoustic method. 
MATERIALS AND METHODS

Plant
Photoacoustic Energy Storage Measurements
The yield of photosynthetic ES3 was measured using the photoacoustic technique. This technique is described in detail elsewhere (5, 6) . In brief, thermal photoacoustic signals are used to quantify the conversion of absorbed light to heat in a sample. If the sample is not performing photochemistry, the conversion is 100%. If, however, some -of the light energy is being stored as products of photochemistry, as in the case of a leaf or algal sample performing photosynthesis, it is unavailable for conversion to heat and its absence from the thermal photoacoustic signal can be quantified. Modulated oxygen evolution from photosynthetic samples also produces a photoacoustic signal but in the present study the oxygen component of the signal was absent and only the thermal signal was considered (see below).
The photoacoustic apparatus used was similar to that described elsewhere (18) . Modulated measuring light was produced with an optical chopper (Stanford Research Systems model SR540) used in conjunction with a xenon arc lamp (ILC R300-3) and monochromator (Bausch and Lomb). Intensity of the modulated light was controlled by neutral density filters and by varying the slit width of the monochromator. Nonmodulated background light was from a quartziodine incandescent lamp (General Electric type EJM) and was also passed through Calflex C heat-reflecting filter. Mod which was then loaded into the chamber (7) . The modulation frequency of the measuring light was adjusted for each sample type so that no oxygen signal was observed with the lock-in amplifier set at the quadrature phase angle (900 out of phase from the phase angle giving the maximum photoacoustic signal in the presence of strong background light). The phase angle was then rotated 90°to be in phase for the thermal signal during measurements. These precautions assured that the contribution of modulated oxygen evolution to the measured photoacoustic signal was negligibly small (9, 22) . Higher plant leaves were vacuum-infiltrated with water to allow measurements of the thermal signal to be made at the relatively low frequency of 20 Hz.
Maximal ES values were measured at low measuring light intensity and were, therefore, proportional to the quantum yield oflight-limited photosynthesis. Once sealed in the chamber, the samples maintained maximal ES values for hours with no obvious signs of fatigue or stress. If the intensity of the measuring light was increased, ES values declined as photosynthesis became light-saturated and quantum yield decreased. ES at high measuring beam intensities also showed a decline over time to a stable value as, presumably, CO2 in the sealed photoacoustic cell was depleted to the level of the CO2 compensation point. For this reason, our measurements of ES used to calculate ES capacity were made quickly (1-3 min) before apparent CO2 limitation was observed to occur.
The temperature at which ES measurements were made was 20 to 23°C. Inhibitors were administered by soaking the samples in inhibitor solutions prior to loading the samples into the photoacoustic cell or, in the case of leaves, vacuuminfiltrating the leaves with inhibitor solutions. DBMIB was kept in the reduced form by adding 5 mm Na ascorbate to the solution. Figure 1 shows photoacoustic signal tracings for representatives of higher plants and all the major groups of algae. With one exception, all groups showed measurable energy storage in narrowband, far red light absorbed almost exclusively by PSI. The notable exception was Oxalis corniculata, a higher plant using the C3 carbon fixation pathway. In general, C3 plants such as Oxalis and Phaseolus vulgaris did not show any photoacoustically measurable energy storage in far red light while C4 plants, such as Sorghum bicolor and Zea mays, consistently showed easily measurable energy storage in far red light (data for plants other than Oxalis and Sorghum not shown).
RESULTS
Other features of interest are present in Figure 1 . The traces for Anacystis and Sorghum show the effect of adding weak, nonmodulated background light absorbed by PSII to a far red measuring light. The weak PSII light enhanced energy storage by allowing PSI to participate in linear as well as cyclic electron flow (18) . This enhancement effect was observed in all the plants shown in Figure 1 and was consistently abolished Figure 2 . Two precautions were taken in these measurements to assure that the energy storage values presented in the spectra were proportional to the quantum yield of photosynthesis. First, the intensity of the modulated measuring beam and its absorption by the sample varied somewhat from one wavelength to the next in these measurements but was kept well within the linear range of maximum ES for wavelengths less than 680 nm. Second, energy storage values were corrected by the factor 690 nm/X where X was the wavelength of the measuring light in nm. This factor corrected for the loss of energy that occurred as quanta of wavelengths shorter than 680 or 700 nm were utilized by the photosynthetic antennae to oxidize the reaction centers of PSI and PSII, respectively.
The spectra of Figure 2 or, in the case of Porphyra, improved by addition of 25 gM DCMU to the sample. Energy storage at wavelengths shorter than 700 nm was clearly inhibited by DCMU. In the case of Oxalis, energy storage in DCMU was not detectable.
The effects of DCMU, DBMIB, and CCCP on energy storage of far red light in Porphyra and Ulva are presented in Table I . These data show that while DCMU had a neutral or positive effect on energy storage in far red light, both DBMIB and CCCP inhibited such energy storage. DBMIB is a plastoquinone antagonist that inhibits cyclic and linear electron flow while CCCP is an uncoupler that inhibits cyclic photophosphorylation and secondarily inhibits water oxidation at high concentrations (15, 24) . It should be noted that at concentrations of 100 ,uM, both DBMIB and CCCP strongly inhibited linear electron flow, measured polarographically as 02 evolution, in both Ulva and Porphyra (data not shown). For Porphyra, therefore, DBMIB or CCCP treatments are best compared with the DCMU-treated ES value. Porphyra samples treated with DBMIB and DCMU together showed no measurable ES (data not shown).
ES versus absorbed measuring light is shown for Ulva in Table I mum rate at which stable photochemical products are generated. The relative ES capacity of three algal species in the presence and absence of DCMU was determined by measuring ES over a broad range of light intensity and then multiplying the ES values observed by the intensity of incident measuring light. The resulting values of relative ES rate are plotted in Figure 5 versus the incident measuring light intensity to yield a curve that is analogous to the classical photosynthesis versus light intensity curve. The maximum ES rate values of these curves may be taken to be the ES capacity of the sample and are comparable between samples so long as absorption of incident light by the samples is the same. In Figure 5 , the absorption of the measuring light differed between the different algal species so that the relative energy storage capacities are not comparable between species. Within a species or sample, however, the relative capacities of energy storage in the presence and absence of DCMU may be compared, since the same measuring light was used for both. Thus, from Figure 5 it is possible to say that the DCMUresistant energy storage capacity in Anacystis is 15.3% of the energy storage capacity in the absence of inhibitors. In Ulva and Porphyra, the energy storage capacity in DCMU is 3.5 and 3.8%, respectively, of energy storage capacity in the absence of inhibitors. As noted in "Materials and Methods," the ES measurements of Figure 5 Figure 1 for the different species. Relative ES rates were calculated as the measuring beam intensity multiplied by the ES observed at that intensity. Relative ES rates are thus proportional to the rates at which absorbed measuring light energy is stored in photochemical products. The measuring beam was broadband (19 nm half-bandwidth) centered at 620 nm for Anacystis and Porphyra and centered at 670 nm for U/va.
Nonmodulated white background light was 2000 Amol photons m-2 s-1 (400-700 nm). Frequencies of measuring beam modulation were as described in Figure 1 for the different species. Figure 6 . All three traces were made in 25 gM DCMU with a measuring light of 700 nm. The simplest dynamics were seen in Ulva, which showed a doubling of ES from an initial low value when the measuring light was first turned on to a final value achieved after 1 to 2 min in the measuring light. (This effect was seen in the trace as a gradual decline in the photoacoustic signal during the first 2 min of the measurement.) The addition of strong, nonmodulated background light had no effect on ES by Ulva in DCMU, even if the short exposures shown in Figure 6 were extended for 7 to 10 min. By contrast, strong, nonmodulated white background light produced a dramatic, reversible increase of energy storage in the presence of DCMU in both Anacystis and Porphyra (seen in the trace as a markedly lower photoacoustic signal following the white light exposure). In Anacystis, the induction and reversal of the increase in energy storage were both rapid, occurring in roughly 1 min. In Porphyra, both the induction and reversal of the increase in energy storage occurred on a much slower time scale than in Anacystis. Full induction of increased energy storage in Porphyra required exposure of 5 min or longer to strong, nonmodulated white background light while reversal in the measuring light alone (not shown) required more than 5 min. (It should be noted that, in all preceding data, ES measurements for Porphyra in DCMU were made with samples that were fully induced by strong, nonmodulated white light. No such improvement of ES by strong light occurred in DBMIB, CCCP, or in the absence of inhibitors.)
The trace in Figure 6 for Anacystis also shows a transient high energy storage immediately upon 700 nm illumination that decreased to a lower level (increase in the photoacoustic signal) within 1 min. This transient is not present in the 700 nm trace for the Anacystis of Figure 1 because the sample was insufficiently dark adapted.
DISCUSSION
Energy storage in far red light is most probably due to production of relatively long-lived photochemical products by means of cyclic electron flow through PSI (9, 18) . This conclusion is supported by the observations that such energy storage occurred in far red wavelengths of light not absorbed by PSII (Figs. 1 and 2) , that it was not inhibited by DCMU, and that it was inhibited by the plastoquinone antagonist DBMIB (Table I) , which is known to inhibit cyclic electron flow around PSI (24) . In the presence of DCMU, energy storage at all photosynthetically active wavelengths probably also occurs almost exclusively by means of cyclic electron flow through PSI, since no other energy-storing process leading to stable photochemical products is known to occur in DCMU. The actual photochemical products of cyclic electron flow through PSI that are detected photoacoustically are unknown though it is reasonable to suppose that ATP resulting from cyclic photophosphorylation accounts for most of the storage with some possible contribution of reduced intermediates in the cycle such as reduced ferredoxin. The inhibitory effect of CCCP on energy storage in far red light (Table I) supports the supposition that at least part ofthe energy storage is ATP synthesis, since CCCP is known to inhibit photophosphorylation by dissipating the trans-thylakoid proton gradient (15) . Measurements of ES in DCMU or in far red light for Porphyra and Sorghum were made at measuring light modulation frequencies of 20 Hz, indicating that the observed photochemical products had a lifetime of at least 8 ms (11, 19) .
It should be noted that the spectra of ES in DCMU of Figure 2 differ from the spectra in the absence of DCMU in that the ES values in DCMU are not maximal for the various wavelengths. As seen in Figures 3 and 4 , energy storage in DCMU or in far red light begins to be light-saturated at very low measuring beam intensities and the light-limited range of maximal ES was not measurable in our apparatus. The intensity of the measuring light used in the spectra of Figure 2 was well within the maximal ES range of the ES versus intensity response for wavelengths absorbed by PSII in noninhibited samples, but it was not so for wavelengths absorbed exclusively by PSI or for any wavelength when the samples were treated with DCMU. Thus, the ES spectra in DCMU are at least partly the inverse ofthe absorption spectra ofthe sample, ES being low when absorbed measuring light is high. In both the presence and absence of DCMU, this effect contributes to the rise or peak in the far-red where absorption of the measuring light by the sample is low.
An interesting result seen in Figures 1 and 2 is that C3-type higher plants, such as Oxalis, do not exhibit any measurable energy storage by cyclic electron flow through PSI when PSII is inactive. This result is contrary to experiments with preparations of thylakoids from C3-type higher plants which clearly exhibit photophosphorylation driven by cyclic electron flow through PSI in vitro (2, 14) . It is possible that some activity of PSII is required for cyclic electron flow to occur in C3 higher plants. In vitro photophosphorylation induced by cyclic electron flow is typically enhanced by inhibition of PSII by DCMU or by irradiating PSI alone with far red light; this photophosphorylation is strongly inhibited, however, if the inactivation of PSII is absolute, as when PSI is irradiated alone in samples also treated with DCMU (2). It is thought that a few electrons provided by PSII are necessary to prime or 'poise' the PSI cycle and it is possible that in our experiments PSII was completely inactivated by 25 gM DCMU. All of the algal species in our experiments showed clear energy storage in DCMU and far red light ( Figs. 2 and 6 ; Table I ) but poising of the PSI cycle in these organisms could have been accomplished by electron supply to the plastoquinone pool from respiratory electron transport in the chloroplast (chlororespiration), which is known to occur in green algae and cyanobacteria (3, 23 (9) . As an example, photoinhibition repair in Phaseolus is measurably improved by recovery in relatively low levels of light as opposed to darkness (13) suggesting that even low levels of photosynthetic activity are helpful. The limiting factor to ES capacity by PSI cyclic flow appears to be turnover of some step in the cycle rather than lack of a substrate such as ADP, since DBMIB reduces ES capacity. The inhibition of PSI-cyclic ES by DBMIB is also interesting in that it is incomplete. It is possible that 100 LM DBMIB is insufficient to completely inhibit cyclic electron flow around PSI. Alternatively, cyclic electron flow through PSI may operate by two pathways, as shown by Hosler and Yocum (14) , one of which may not be sensitive to DBMIB.
Light-induced dynamics of ES capacity in 700 nm measuring light and DCMU were evident in the three species of algae that were examined. These dynamics cannot be interpreted without further study but perhaps the dynamics seen in Ulva can be most easily explained as simple light activation of photophosphorylation, perhaps by development a transthylakoid proton gradient by cyclic electron flow through PSI. The lack of an additional effect on ES by strong nonmodulated white background light may result because the rate of PSI-cyclic flow is already at a maximum and additional light does not increase the proton gradient. The dynamics of ES capacity in 700 nm light and DCMU exhibited by Anacystis and Porphyra are more difficult to account for. The improvement of ES capacity in Porphyra by strong nonmodulated white light has previously been suggested to indicate a functional heterogeneity of PSI units ( 18) . It was suggested for red algae, which typically have a PSII to PSI ratio of less than 1, that PSI units are of two types: (a) those that accept electrons from PSII and do not normally participate in cyclic electron flow, and (b) those that participate only in cyclic electron flow. With exposure to strong white light in the presence of DCMU, PSI units normally engaged only in linear electron flow from PSII are altered so that they can participate in cyclic electron flow, increasing ES capacity by PSI-cyclic flow. Some variation of this same hypothesis might also hold for the similar but much faster dynamics ofAnacystis.
In summary, energy storage by cyclic electron flow through PSI, presumably reflecting photophosphorylation, is readily measurable in vivo using the photoacoustic technique. Measurements of this type made on a wide variety of photosynthetic organisms indicate that cyclic photophosphorylation in vivo occurs in all with the possible exception of higher plants using the C3 carbon fixation pathway. The energy storage capacity of cyclic photophosphorylation alone appears to be small by comparison to the capacity of energy storage by linear and cyclic electron flow combined but may be significant under conditions when PSII is inhibited or when an increased proportion of ATP from photosynthesis is needed, particularly in algae and cyanobacteria. Light-induced dynamics of energy storage by cyclic electron flow in vivo are apparent and demonstrate its regulation under changing environmental conditions. It is hoped that additional study utilizing the photoacoustic technique will better define the role of cyclic electron flow in oxygen-evolving photosynthetic organisms.
